ABSTRACT: Focal chondral lesions and early osteoarthritis (OA) are responsible for progressive joint pain and disability in millions of people worldwide, yet there is currently no surgical joint preservation treatment available to fully restore the long term functionality of cartilage. Limitations of current treatments for cartilage defects have prompted the field of cartilage tissue engineering, which seeks to integrate engineering and biological principles to promote the growth of new cartilage to replace damaged tissue. Toward improving cartilage repair, hydrogel design has advanced in recent years to improve their utility. Injectable hydrogels have emerged as a promising scaffold due to their wide range of properties, the ability to encapsulate cells within the material, and their ability to provide cues for cell differentiation. Some of these advances include the development of improved control over in situ gelation (e.g., light), new techniques to process hydrogels (e.g., multi-layers), and better incorporation of biological signals (e.g., immobilization, controlled release, and tethering). This review summarises the innovative approaches to engineer injectable hydrogels toward cartilage repair. ß
Cartilage restoration surgical procedures for the treatment of chondral lesions are common in the young adult population. Still, they are not capable of regenerating functional articular hyaline cartilage, providing temporary symptomatic relief but not a cure. Tissue engineering has enabled the development of biological substitutes that restore, maintain, or improve tissue functions for therapeutic purposes. Recently, injectable hydrogels acting as three-dimensional scaffolds have received increased attention for articular cartilage tissue engineering.
Injectable hydrogels generally retain a large amount of water, exhibit excellent permeability for nutrients and metabolites, and show good biocompatibility. 1 They can be administrated via a minimally invasive procedure, and are able to appropriately fill irregularly-shaped defects. Meanwhile, cells and bioactive molecules can be homogeneously incorporated into the hydrogels. Due to their physical properties that resemble the native extracellular matrix (ECM), injectable hydrogels may be suitable platforms for supporting the survival, proliferation, and differentiation of incorporated cells, and promoting the regeneration of articular cartilage tissue. The purpose of this review is to summarize the innovative approaches to engineer injectable hydrogels toward cartilage repair and present an update on the use of injectable hydrogels for the treatment of focal chondral lesions in preclinical animal models and clinical trials.
TISSUE ENGINEERING
The standard concept of tissue engineering is to combine cells with a three-dimensional (3D) biomaterial scaffold to help regenerate damaged tissue. The scaffold is designed to create a 3D microenvironment that resembles specific tissues and stimulates native tissue regeneration by promoting cell-matrix interactions and cell-cell interactions, which can lead to cell differentiation and tissue growth.
Biodegradable in situ forming hydrogels have been suggested as a promising scaffold for articular cartilage tissue engineering. A main advantage of using hydrogels is the ability to inject the hydrogel as a prepolymer solution and then polymerize it in vivo. This polymerization allows the hydrogel to form into the defect anatomically. In addition, recent advances in bioprinting have granted tissue engineers the ability to assemble hydrogels ex vivo into physically relevant 3D structures. Moreover, in situ forming hydrogels have also been used as drug delivery systems, allowing for a controlled and sustained release of drugs intra-articularly over several weeks or months for the treatment of joint disease such as osteoarthritis (OA) or rheumatoid arthritis. Last, lesions on articular cartilage normally affect cartilage and underlying subchondral bone making these lesions problematic because they extend across two distinctly different tissues, a highly compliant hyaline cartilage and a stiff subchondral bone. Contemporary hydrogels have been designed to include bi-layers or multi-layers that mimick aspects of both bone and cartilage tissues. 2 The body of literature concerning articular cartilage tissue engineering in animal models is rapidly expanding. However, it has been reported that 90% of the new approaches that are successful in animal studies subsequently fail clinical trials. 3 Therefore, meticulous analysis of the existing short-term clinical outcomes is advocated. Such a rigorous approach is needed to guide the development of biomimetic and bioactive approaches in tissue engineering, which will lead to more successful and reliable clinical outcomes.
Articular Cartilage Properties
Articular cartilage is a fiber-reinforced composite material composed of chondrocytes surrounded by specialized ECM consisting of structural and functional proteins, glycoproteins, and glycosaminoglycans assembled in unique tissue-specific 3D microenvironment architectures. It presents a lubricated surface with low friction stress. Mechanically, human articular cartilage is a composite of materials with widely differing properties, that resist high compressive loads, ranging from 240 to 1,000 kPa. 4 The composition and structure of cartilage tissue are always depth-dependent and can be divided into four different zones based on collagen fiber alignment and proteoglycan composition.
Approximately 70-85% of the whole tissue weight is water, and less than 5% accounts for chondrocytes. The remainder of the tissue is composed primarily of proteoglycans and collagen. In an aqueous environment, proteoglycans are polyanionic. In solution, the mutual repulsion of these negative charges causes an aggregated proteoglycan molecule to spread out and occupy a large volume. In the cartilage matrix, the volume occupied by proteoglycan aggregates is limited by the entangling collagen framework. The swelling of the aggregated molecule against the collagen framework is an essential element in the mechanical response of cartilage. When cartilage is compressed, the negatively charged sites on aggrecan are pushed closer together, which increases their mutual repulsive force and adds to the compressive stiffness of the cartilage. The mechanical response of cartilage is also strongly tied to the flow of fluid through the tissue. When deformed, fluid flows through the cartilage and across the articular surface. If a pressure difference is applied across a section of cartilage, fluid also flows through the tissue. These observations suggest that cartilage behaves like a sponge, albeit one that does not allow fluid to flow through it easily. On the other hand, chondrocytes have a repertoire of integrins that perform unique and crucial crosstalk with the ECM, growth factors, cytokines, and mechanical stimuli. This crosstalk allows chondrocytes to respond to microenvironmental cues which will regulate their functions (proliferation, differentiation, migration, morphogenesis, and survival), and will help maintain the cartilage architecture through a balanced molecular degradation/synthesis activity. For example, fibronectin has binding sites for integrins a3b1, a4b1, a5b1, and aVb1, while the collagen binding integrins include a1b1, a2b1, a10b1, and a11b1. The intracellular MAP kinases mediate cell signaling after integrin activation, and lead to production of catabolic factors such as matrix metalloproteinases (MMP), reactive oxygen species (ROS), and nitric oxide (NO), among others. 5 Integrins sense intact ECM structures or fragments. Intact molecules do not upregulate MMP, but fragments do, to clear the damaged matrix before synthesizing new matrix. Particularly, a5b1 is activated by fibronectin fragments and arginine-glycineaspartic (RGD, a sequence found in collagen).
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Hydrogel Properties
Hydrogels are crosslinked polymers that are insoluble, but swell in aqueous environments. The high water content of hydrogels can be tuned, reaching values that are similar to native cartilage at $80% water and even higher (i.e., >90% water). This helps facilitate rapid exchange of nutrients toward and waste away from the embedded cells. 6 Hydrogels can be broadly divided into natural or synthetic crosslinked polymers, or a combination of both; and degradable and nondegradable. Natural polymers are polysaccharide (e.g., alginate, chitosan, cellulose, amylose, dextran, glycosaminoglycans, agarose, chitin), protein (e.g., collagen, gelatin, fibrin, elastin, silk, actin, myosin, soy), or proteonucleotide (e.g., RNA, DNA) based. They are favored by their general biocompatibility, and in some cases their biochemical similarity to native cartilage and feasibility to be degraded by cell-secreted enzymes. Those degradable by enzymes include glycosaminoglycans (e.g., HA), collagen, chitosan, gelatin, fibrin, elastin, actin, myosin, RNA, and DNA; while non-degradable polymers include alginate, cellulose, amylose, dextran, agarose, chitin, silk and soy. Synthetic polymers are favored by their high tunability, enabling greater control over their macroscopic properties and degradation behavior. Some examples of synthetic polymers that have been used in cartilage tissue engineering include poly(ethylene glycol) (PEG), poly(vinyl alcohol) (PVA), poly(lactic acid) (PLA) and polydioxanone (PDS), among others. Notably, hydrogels formed from synthetic polymers have been designed to have similar mechanical properties (compressive modulus) and frictional behavior as articular cartilage. Furthermore, a number of studies has demonstrated the ability to easily embed cells and growth factors in synthetic hydrogels. The combination of synthetic and natural polymers has emerged as a promising approach to create biomimetic hydrogels, combining the potential chondrogenic tunable characteristics of both. These biomimetic hydrogels can be designed to mimic key aspects of the native environment, while precisely adjusting the hydrogel's mechanical, chemical, and degradation properties. 7 
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Hydrogel degradation is critical for ECM synthesis during cartilage tissue growth. The hydrogel degradation may occur through two predominant mechanisms: Bulk degradation (e.g., hydrolysis), which results in uniform degradation of the crosslinks; and/or local degradation (e.g., enzymatic). Synthetic polymers can be designed with crosslinks that degrade by either hydrolysis or enzymes. 8 An ideal hydrogel will support joint loads, gradually degrade and transfer the joint load stimulus to the new forming tissue. Thus, it is important to tune hydrogel degradation with new tissue growth. The rate of hydrogel degradation depends on the degree of crosslinking (i.e., the more crosslinked the slower the degradation) and the choice of degradable linker, which influences the kinetics (i.e., speed) of degradation and solute diffusion coefficient. 9 The challenge is that a high crosslink density is required to support joint loads, but will slow degradation rate and negatively affect diffusion of large molecules including growth factors and newly synthesized ECM molecules. Notably, the ECM molecules of cartilage, specifically aggrecan and collagen, are too large to be transported through the crosslinks of the hydrogel and as a result degradation must occur before a macroscopic tissue can form. 10 By carefully tuning the initial properties and formulation of the hydrogel, it is possible to match degradation with new cartilage tissue growth.
Clinically, most symptomatic cartilage lesions are osteochondral with involvement of both the cartilage and bone layers. To overcome these complex lesions, multi-layer hydrogels have been created. Bi-layer hydrogels are the simplest approach, whereby the same scaffold chemistry in both layers has been used and the properties varied in each one (e.g., pore structure and/or biochemical cues [i.e., tissue-specific ECM-analogs] 11 or incorporation of growth factors).
Moreover, incorporation of cells into the hydrogel is critical for regeneration. Cells can either infiltrate into the scaffold or exogenous cells can be delivered within the scaffold upon implantation. 11 One potential cell source is mesenchymal stem cells (MSCs) since they can be differentiated toward the chondrogenic or osteogenic lineage and inoculated in each specific layer to better reproduce the articular cartilage and subchondral bone. Endogenous cells can migrate into the hydrogel by designing hydrogels that contain chemotactic factors that will promote the migration of cells from surrounding bone marrow and synovial tissue. This is facilitated by the fact that MSCs from the marrow and synovium express multiple chemokine receptors such as CXCR1, CXCR2, CXCR4, and CCR2 which allow them to home to chemokines. 12 Examples of known chemokines involved in MSC recruitment are stromal cell-derived factor 1 (SDF-1), interleukin-8 (IL-8), platelet derived growth factors (PDGFs), and TGF-b isoforms. 12 It has been shown that addition of SDF-1 into a scaffold leads to improved articular cartilage regeneration following injury due to an increased number of MSCs at the injury site. 13 Thus, it is possible to develop acellular hydrogel constructs that provide chemokine factors to recruit endogenous MSCs from nearby marrow compartments. Further designing the hydrogels to also provide factors that promote cartilage differentiation would encourage endogenous MSCs to form articular cartilage tissue.
Another critical feature for successful cartilage healing is achieving optimal integration to the surrounding tissue. In order to accomplish this, the hydrogel needs to adhere to the surrounding tissue, including the adjacent articular surface and the subjacent subchondral bone. If integration to the surrounding smooth cartilage fails, the implanted hydrogel will become loose or fracture even under gentle daily movement. Integration or self-adhesiveness to host cartilage can be obtained from entanglements, which can form between the crosslinked tissue molecules in cartilage and the polymer chains or by chemical reactions that allow chemical bonds to local cartilage during in situ gelation. Depending on the chemistry of the monomers that form the hydrogel, non-specific reactions can occur between the polymerizing monomers and the tissue molecules (e.g., chain transfer in radical-mediated polymers).
14 Moreover, chemistries can be introduced to enhance adhesion. Among these, aldehyde groups found in self-adhesive hydrogels allow a Schiff-base reaction between the hydrogel and local cartilage tissue amines giving an adhesive property to the hydrogel. 13 Bonding to host tissue through aldehyde groups depend on multiple environmental conditions including pH, oxygen content, and enzymatic challenges. Differently, bonding to the subchondral bone takes place in a "flow like" manner, migrating from the neighboring native bone in a gradual centripetal way toward the scaffold. After adhesion of the scaffold to the subchondral bone, which may be enhanced by marrow stimulation, mechanical stimulus follows. Subchondral bone is induced to migrate from the surrounding tissue, and "anchors" the scaffold/new forming tissue to the defect area. As the bond matures, it enhances the new cartilage formation and lateral interface integration. 15 One example of a promising hydrogel system is based on crosslinked PEG into which cartilage ECM analogs including chondroitin sulfate (ChS) and RGD have been introduced to create a cartilage-like biomimetic hydrogel. 16 ChS is the main glycosaminoglycan in cartilage and creates a unique environment that is hyperosmotic and promotes tissue synthesis, especially under dynamic compression. 17 RGD, a cell adhesion peptide, provides a mechanism for cells to sense substrate stiffness and acts as a mechanosensor to cells activating integrin a5b1. RGD has been demonstrated to support chondrogenesis, with lower concentrations improving differentiation. 18 This system was developed to be photopolymerizable whereby the different components (i.e., PEG, ChS, and RGD) are modified with crosslinkable groups and, upon exposure to light, react to form a crosslinked polymer network (Fig. 1) . This hydrogel permits cells to be encapsulated during the hydrogel formation process, with the final combination to be formed in situ within a defect site in the body. Advantages of this photopolymerizable hydrogel include spatial and temporal control during hydrogel formation, the ability to polymerize at physiological pH and temperature, and rapid polymerization (seconds to minutes) (Fig. 2) . 19 In addition, this hydrogel system can be expanded by creating an injectable multilayer construct via sequential photopolymerization of layers in situ. Thus, each layer can be designed to reproduce the different layers that need to be regenerated for combined osteochondral lesions. For example, the type and concentration(s) of ECM molecules and the local stiffness can be varied within each layer of a PEG hydrogel. 11 Notably, under a compressive load, the variation in hydrogel stiffness within each layer produced high strains in the softer cartilage-like layer, low strains in the stiffer bone-like layer, and moderate strains in the interfacial layer. This led to the ability to direct differentiation fate of embedded MSCs (Fig. 3) .
Cell Source and Cell Encapsulation
Incorporating cells into hydrogels can be performed by: (i) seeding the cells onto prefabricated porous scaffolds, or (ii) the cells are encapsulated during scaffold formation. Multiple cell lines have been investigated for cartilage repair including: Chondrocytes, MSCs, adipose-derived MSCs, and induced pluripotent stem cells (iPSCs) ( Table 1 ). Yet, most therapies require a two-step approach: First, harvesting the cells; and second, expanding the cell population. From a FDA regulation point of view, this manipulation of tissue and cells is considered beyond minimally manipulated and requires greater regulatory oversight which could delay its translation to clinic.
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Chondrocytes (Fully Differentiated Cells) Autologous chondrocyte implantation (ACI) has been used for decades in the treatment of focal chondral lesions, with good clinical outcomes. Yet, chondrocytes tend to dedifferentiate into a fibroblast-like phenotype. 21 Newer, third generation ACI, or matrix-induced autologous chondrocyte implantation (MACI) techniques have incorporated scaffolds to prevent the dedifferentiation of chondrocytes during culture and further enhance the technique. Most MACI scaffolds consist of collagen type I or III, or hyaluronic acid. Newly published data suggests good long-term clinical outcomes with the MACI technique for the treatment of focal chondral lesions in the knee. Despite these positive outcomes, limitations of this procedure include donor-site morbidity, being a staged procedure (chondrocyte harvest, expansion, and reimplantaton) and low chances of regeneration in patients over 50 years of age due to a decrease in cell proliferation and extracellular matrix secretion capacity with increased donor age. However, hydrogels have been designed to maintain the chondrogenic phenotype of chondrocytes. For example, Buschmann et al. 22 studied an in situ gelating chitosan based hydrogel that not only adhered 16 CURRENT AND NOVEL INJECTABLE HYDROGELS to the defect area, but also retained chondrocytes phenotype and potential; while Schneider et al. 23 proved that in vitro bovine chondrocytes encapsulated in photo-polymerizable PEG hydrogel maintain their phenotype and synthesize a broad repertory of cartilage-specific ECM proteins (e.g., collagens II, VI, IX, XI, aggrecan, and biglycan), which increases over time. Moreover, chondrocytes embedded in 3D charged hydrogels (i.e., ChS and PEG), behave differently whether there is dynamic loading or not. With no loading, cell proliferation and proteoglycan synthesis are greatly reduced, while collagen does not seem to be affected. However, when loading is present, cell proliferation is less affected, while proteoglycan and collagen synthesis are exponentially increased. If the loading stimulus is removed, the enhanced synthesis is not maintained. 24 Thus, proving that mechanotransduction, and different extracellular cues can tune cellular behavior and hydrogels fate.
Stem Cells
Several stem cell sources have shown the ability to undergo chondrogenesis in vitro when seeded in hydrogels. These include embryonic stem cells (ESCs), MSCs and the more recently discovered iPSCs.
ESCs display unlimited self-renewal capacity while maintaining a pluripotent differentiation potential. Combining these cells with biomimetic hydrogels and growth factors (i.e., transforming growth factor beta-1, bone morphogenetic protein) has proven to be a synergistic environment for their chondrogenesis. 25 When allogenic ESCs seeded in fibrin glue were applied for treating induced knee focal osteochondral defects in sheeps, these were efficiently repaired with better outcomes (higher collagen II and proteoglycans) than the untreated control joints. 26 While promising, ESCs are associated with ethical concerns surrounding their derivation, limiting their use. 27 This has promoted significant interest in adult-derived stem cells such as MSCs, a multipotent cell population, and precursor of cartilage.
MSCs can be obtained from adult tissues such as bone marrow, synovium, adipose tissue, periosteum, as well as umbilical cord, and peripheral blood. In vitro studies seeding MSCs in chondrogenic 3D hydrogels such as agarose, hyaluronan, PEG, or alginate have reported chondrogenic differentiation of the cells. It should also be noted that in vitro studies have demonstrated that MSC proliferation and differentiation capacity decreases with ageing and ageing-related diseases, 28 potentially hindering their clinical use in older individuals. Therefore, methods to improve the chondrogenesis of MSCs are still warranted and could potentially be achieved using hydrogels which would provide them with strong chondrogenic cues and prevent their differentiation toward unwanted tissues.
Additional cell sources continue to be explored. One such source is the iPSC, which is obtained from the reprogramming of adult cells to an early state of differentiation, resembling that of ESCs. 29 This technology could potentially be used to "rejuvenate" cells from older patients into iPSCs and might improve their progenitor cell healing and functional capacity. Xu at al. 30 , in a rabbit model found that human iPSCs maintained their pluripotency in a poly-lactic based 
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scaffold, and enhanced cartilage repair of an osteochondral defect in a 6 week period. With the advancement of cellular reprogramming techniques, it is now possible to generate iPSCs using an integration-free approach, which is safer and more amenable from a regulatory perspective for their eventual clinical use. 31 Despite this decreased risk of unwanted tissues, further studies are needed to better assess the longterm benefit of using human iPSCs for articular cartilage tissue engineering.
Preclinical Animal Models
Numerous preclinical animal models have been used to evaluate cartilage repair with different cell lines delivered in hydrogels. Animal models include: Rabbit, canine, mini-pig, ovine, caprine, and equine. Most of these studies suggest promising results with improved cartilage regeneration between 3 months and 2 years. 26, [32] [33] [34] [35] [36] Significant superior histologic evidence of cartilage regeneration when using hydrogels are reported when compared to empty defects. The cell sources, collection techniques, cell processing, qualitative and quantitative characterizations, and delivery methods vary widely between studies. Cell types include autologous bone marrow mesenchymal stem cells (BMSCs) and allogeneic umbilical cord blood mesenchymal stem cells (UCB-MSCs). All lesions were located in the knee joint (Tables 2 and 3) .
Clinical Human Studies
Few clinical studies have been reported evaluating the use of hydrogels for the treatment of focal chondral lesions in human patients. Most of the literature includes case reports or case series. Two studies included case-control treatments. Elisseff et al. 37 in a pilot study, compared microfracture with hydrogel to microfracture alone in a focal chondral defect in the knee with a minimum follow up of 6 months suggesting higher filling and decreased water content as well as better tissue organization in the study group. Similarly, Restrepo et al. 38 in a randomized study, reported on clinical outcomes in patients treated with BST-CarGel 1 (Piramal Life Sciences, Bio-Orthopaedics Division; Smith & Nephew plc, London, UK) and concomitant microfracture (study group) compared to microfracture alone (control group) for the treatment of focal chondral lesions in the knee with a median follow-up of 5 years. Patients in the study group showed statitiscally better patients reported outcomes measures (PROs) and better cartilage regeneration on MRI. No major adverse events were reported in either study (Table 4 ). There are no ongoing clinical trials in the USA evaluating the use of hydrogels for the treatment of focal chondral lesions.
Overall, when compared to microfracture alone, both animal and clinical studies suggest superior cartilage regeneration when treating chondral defects with hydrogels. In the animal studies, best results were seen when the hydrogel was combined with cell lines or with a concomitant microfracture. They prove that different sources can be used, such as allogenic, autologous, or xenogenic for enhancing cartilage repair. Both clinical trials, despite not encapsulating cells in the scaffolds used, used microfracture technique which provides endogenous stem cells and growth factors. Histologically, hyaline cartilage-like formation was seen in the animal studies, yet this was not proved in either clinical trial. However, pain/ function assessments and MRI are suitable indirect measures of good recovery and prognosis. Both ways of assessing results are valid and complementary.
CONCLUSION
Biodegradable cartilage biomimetic hydrogels are a promising therapeutic tool to deliver cells in vivo for the treatment of cartilage lesions and tissue engineering. Several advantages over other cartilage restoration techniques include: Delivery as injectable systems, controlled in situ polymerization, mechanical support, and the option of incorporating chondrogenic cells. Multiple preclinical animal models evaluating cartilage repair with hydrogels and different cell lines have shown excellent results in osteochondral defects, however there is limited experience in human patients. One randomized controlled study has been performed suggesting a clinical benefit of the use of hydrogel compared to control. Further studies, including blinded randomized control trials, will determine the true clinical effectiveness of hydrogels in cartilage repair.
AUTHORS' CONTRIBUTION
Design, drafting, editing, and images is done by C Pascual-Garrido, Drafting, editing, images, and tables is done by F Rodriguez-Fontan, Drafting, editing and images is done by EA Aisenbrey, J Chahla, and SJ Bryant, Drafting and editing is done by KA Payne and LR Goodrich. All authors were actively involved during the process of the manuscript development. They all read and approved the final version for submission. 
74
